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Abstract 
To better control chlorinous odor in tap water, we assessed the performance of the combination of 
oxidation (ozonation or advanced oxidation processes, AOP) and ion-exchange treatment. In this 
process, hydrophilic neutral fraction (a major DOM fraction) is converted to ionic species, and 
these ions and ammonium ion are effectively removed during ion-exchange processes. We found 
that each treatment process (e.g., oxidation alone or ion exchange alone) was effective for the 
reduction of chlorinous odor to some extent, but the chlorinous odor formation potential was lower 
when oxidation process and ion exchange were applied in series. The combination of AOP 
(ozone/vacuum ultraviolet treatment) at a high ozone dose and ion exchange (both cation and 
anion) was most effective, and the chlorinous odor formation potential was reduced to 
approximately 30 TON from more than 100 TON. Also, DOC and ammonium ion were effectively 
removed with this process. Compared with ozonation, AOP was more effective at higher ozone 










Modern water supply system based on rapid sand filtration and chlorination has been a great 
success in improving public health, but it is also true that people are not fully satisfied with the 
current tap water quality. In a nation-wide survey in Japan, 37.5% of the population drinks tap 
water directly, and 21.3% demands more advanced drinking water treatment even with higher cost 
(Cabinet Office, Government of Japan 2008). One of the major complains on tap water quality is 
chlorinous odor, the odor caused from the reaction of chlorine and organic/inorganic compounds in 
water (Itoh et al. 2007). This is true even for the tap water treated with ozone/granular activated 
carbon (GAC) treatment and several major water utilities in Japan have already launched an effort 
to reduce chlorinous odor in tap water (e.g., Kawatani and Ishimoto 2009). Chlorinous odor is not a 
problem only in Japan. For example, in Western Australia, chlorinous odor is a major complaint 
from costumers (e.g., MacDonalds et al. 2009). Also, considerable research efforts have been 
devoted to the identification of compounds responsible for chlorinous odor worldwide (Froese et al. 
1999; Freuze et al. 2005). 
 
While not all the compounds responsible for chlorinous odor have been identified, trichloramine 
(Kajino et al. 1999) and N-chloroaldimines (Froese 1999; Freuze et al. 2005) are known as major 
contributors to chlorinous odor. Trichloramine can be produced both inorganic (i.e., ammonium 
ion) and organic nitrogen (e.g., free amino acids). Also, other compounds responsible for chlorinous 
odor including N-chlroaldimines are formed from dissolved organic matter (DOM). Thus, the strict 
control of both ammonium ion and DOM is essential for the control of chlorinous odor.  
 
  
The problem on the control of ammonium ion and DOM responsible for chlorinous odor is that they 
are hydrophilic and low-molecular-weight compounds. In particular, ammonium ion is hard to 
remove even by membrane treatment including reverse osmosis. One may argue that ammonium 
ion can be oxidized biological activated carbon. However, the performance of this system is 
temperature dependant and its control at very low concentration (i.e., a few µg/L level) is not an 
easy task. 
 
The purpose of this study is to better control ammonium ion and DOM with the combination of 
oxidation (ozonation or advanced oxidation processes, AOP) and ion-exchange treatment. In this 
process, hydrophilic neutral fraction (a major DOM fraction) is converted to ionic species, and these 
ions and ammonium ion are effectively removed during ion-exchange process. In this paper, the 
performance of this new system in both bench scale and pilot scale is discussed. 
 
 
MATEIALS AND METHODS 
 
This study consists of two parts. First, a series of bench-scale experiments were performed to 
evaluate the effectiveness this new treatment process. For this part, the test water was collected 
from Yodo River at Hirakata bridge (Osaka, Japan) and used after filtration by mixed cellulose ester 
membrane (0.45 µm, Advantec). Ozonation and ozone/vacuum ultraviolet (VUV) treatment 
(hereinafter referred to as AOP) were used as oxidation processes. Both treatments were performed 
in semi-batch mode. In the second part of this study, pilot-scale experiments were performed in the 
Kunijima water purification plant of Osaka City to confirm the effectiveness of this process in 
continuous mode. For both parts, all the chemicals used were purchased from Wako (Analytical 
grade or better) unless otherwise noted. For the preparation of standard and stock solutions, 
ultrapure water purified by a Milli-Q Academic A10 system (Millipore) was used. 
 
Bench-scale experiments 
This part consists of three sets of experiments: (1) reduction of chlorinous odor by oxidation 
processes (ozonation or AOP); (2) reduction of chlorinous odor by ion-exchange treatments; (3) 
reduction of chlorinous odor by the combination of oxidation and ion exchange.  
 
Reduction of chlorinous odor by oxidation processes. Ozone gas was produced from ultrapure 
oxygen by an ozone generator (AZH-3S, Hamamatsu Vegetable). For AOP, a vacuum ultraviolet 
(VUV) lamp with principal wavelengths of 254 and 185 nm (AY-11, Photoscience Japan) was 
employed. The path length of the UV reactor was 37.5 mm, and this reactor was connected to an 
ozone contactor (total volume = 4.0 L) by PTEF tubes. The test solution was recirculated by a 





Figure 1. Schematic of the bench-scale reactor for ozonation and AOP. 
 
Reduction of chlorinous odor by ion-exchange treatments. Anion and cation exchange treatments 
were performed successively at a flow rate of 60 mL/min in this order when both treatments were 
applied. For anion exchange, DIAION PA308 (Mitsubishi Chemical, Japan) was used. For cation 
exchange, type X zeolite was employed. These ion exchangers were washed with Milli-Q water, 
regenerated with 3 L of 10% NaCl solution, and washed again with 5 L of Milli-Q water before 
treatment. The test water was fed to a glass column (φ40 x 500 mm, Kiriyama Glass) packed with 
an ion exchanger by a Master Flex pump (Model 7518-00) continuously.  
 
Chlorinous odor reduction by the combination of oxidation and ion-exchange treatment. The 
combination of oxidation (ozonation or AOP) and ion-exchange treatment (anion and/or cation 
exchange) was applied to the test water collected from Yodo River (sampled at Hirakata bridge). 
Two different ozone doses (2 and 10 mg/L) were applied to both ozonation and AOP. The same 
reactors, VUV lamp, and ion-exchange resins were used as described previous subsections. 
  
Pilot-scale experiments 
The schematic of the pilot-scale plant is shown in Figure 2. The flow rate in ozone contactors, 
ozone reactor, and GAC column was 1.0 m3/h, and a part of effluent from GAC column or directly 
the ozone reactor was fed to the cation exchange column at a flow ate of 0.5 m3/h (SV = 5 h-1). 
Then, The source water for this plant was the water after sand filtration taken from the actual 
treatment facility. Two different ozone doses (1.5 and 3.0 mg/L) were applied to both ozonation and 
AOP. Thus, this experiment consists of four runs (note: the conditions for ion-exchange treatment 
was fixed: flow rate, 60 mL/min; SV, 7.2 h-1). To run these four conditions, it took two days. The 
experiment was repeated four times (i.e., total 16 runs) from December 2011 to February 2012. 
 
For the first and second ozone contactors (i.e., the first and second columns), VUV lamps with 
principle wavelengths of 254 and 185 nm (QGL65-31, Iwasaki, Japan) were installed. For the ozone 
reactor (i.e., the third column), a conventional low-pressure mercury lamp (QGL65W-2, Iwasaki, 
Japan) was used because the presence of dissolved ozone at a sufficient concentration was expected. 
 
Ion-exchange treatment was conducted in the following order: cation exchange and then anion 
exchange. This order was different form the bench-scale experiments. This was because of the 
limited configuration in the pilot plant. Lewatit MnoPlus S 100 cation exchange resin (Lanxess, 
Germany) and DIAION PA308 were used for cation and anion exchange, respectively. The former 
was regenerated with 62.5% H2SO4 (Nankai Chemical) and the latter was regenerated in the same 








Chlorinous odor formation potential of each sample was measured after chlorination for 24 hours. 
The residual free chlorine after 24 hours was controlled at 1.0 mg/L. Then, the odor intensity was 
measured by the triangle sensory test (Yanagibashi et al. 2009). The odor strength of 1 mg/L 
chlorine solution is approximately 20 TON. For the bench-scale experiments, the solution pH 
before chlorination was not adjusted, but it was adjusted to neutral pH for the samples from the pilot 
plant as the cation-exchange resin was in proton form and the effluent pH was around 3. In addition 
to odor intensity, trichloramine (NCl3) concentration was measured by headspace-GC/MS analysis 
developed by Kosaka et al. (2010) with minor modification as one of the major compounds causing 
chlorinous odor. The quantification limit of this method was 5 µg as Cl2/L. 
 
Ammonium (Kuo et al. 2005) and bromate ions were monitored by ion chromatography with post-
column derivatization. For these analyses, o-phthalaldehyde and o-dianisidine (TCI) were the 




RESULTS AND DISCUSSION 
 
Effect of ozonation and AOP on chlorinous odor 
Chlorinous odor formation potentials after ozonation and AOP (i.e., ozone/VUV treatment) are 
shown in Figure 3. Compared with the control sample (i.e., chlorination only), chlorinous odor 
formation potential decreased by 40% and 30% for ozonation and AOP, respectively. AOP was less 
effective than ozonation probably due to the formation of ammonium ion (i.e., a precursor of 
trichloramine) during the decomposition process of dissolved organic matter. Higher ammonium 
ion concentration was observed for AOP. For example, at an ozone dose of 5 mg/L, ammonium ion 
concentration was 48 µg/L after AOP, while it was 30 µg/L after ozonation. One may argue that this 
is a drawback of AOP, but if combined with ion-exchange treatment, ammonium ion will be 
effectively removed. Also, higher ozone dose (10 mg/L) did not resulted in lower chlorinous odor 
formation potential. This indicates that some of the reaction products still serve as precursors of 
chlorinous odor (e.g., ammonium ion and free amino acids) after intensive oxidation, and they are 
not readily converted to inert compounds to chlorine. 
 
Effect of ion exchange on chlorinous odor 
The effect of ion-exchange treatment on the chlorinous odor formation potential without oxidation 
  
process is shown in Figure 4. Compared with the control (i.e., chlorination only, odor strength 129 
TON), chlorinous odor formation potential after anion exchange decreased to 100 TON. The effect 
of anion exchange alone seemed to be limited. Also, anion exchange expected to simplify the 
matrix of odor compounds by removing organic precursors. This may have made the smell of 
trichloramine clearer (i.e., greater odor strength).   
 
The chlorinous odor formation potential decreased to 73 TON by cation-exchange treatment (note 
that ammonium ion concentration ranged from 15 to 89 µg/L for the control samples). This suggests 
that removal of ammonium ion and organic bases is effective for the control of chlorinous odor, but 
the complete removal of chlorinous odor is still impossible by this unit operation alone. That is, 
several different odor compounds are produced from different types of precursors. To resolve this 
situation, both organic (DOM) and inorganic (ammonium ion) precursors have to be controlled. 
Indeed, when both anion and cation exchange processes were applied, the chlorinous odor 
formation potential decreased to 47 TON. The reduction of odor strength by cation and anion 
exchange treatments appeared to be additive (i.e., the reduction by cation exchange + the reduction 
by anion exchange = the reduction by the sequential ion exchange treatment). This indicated that the 
smell of compounds produced from the reaction of chlorine and ammonium ion and that from the 
reaction of chlorine and organic anions are similar. This may imply that trichloramine was the 
major compounds responsible for chlorinous odor in this experiment. 
 
                    
        
Control of chlorinous odor by the combination of oxidation and ion-exchange treatment 
The chlorinous odor formation potentials after the combination of oxidation and ion-exchange 
treatment is shown in Figures 5 and 6. The sequential treatment by AOP at an ozone dose 10 mg/L, 
cation exchange, and anion exchange was most effective with respect to the odor strength after 
chlorination (32 TON). For the combination with ozonation (i.e., without VUV radiation) and ion-
exchange treatment, the change of ozone dose showed no major impact (42 and 40 TON for ozone 
dose of 2 and 10 mg/L, respectively). On the other hand, increasing ozone dose for AOP improved 
chlorinous odor formation potential (Figure 6). This indicated that organic precursors were 
effectively converted to ionic species when AOP was applied at high ozone dose. 
Figure 3. Effect of oxidation processes 
on chlorinous odor formation potential 
(Control: chlorination alone, Ozone: 
chlorination after ozonation, AOP: 
chlorination after AOP).    
Figure 4. Effect of ion exchange on 
chlorinous odor formation potential 
(Control: chlorination alone, IEX: 
chlorination after ion exchange, the “+” 
and “-“ signs indicate cation and anion 
exchange, respectively).    
  
 
During oxidation process, relatively high concentration of bromate ion was observed (Table 1). 
However, it was completely removed by anion exchange. Also, the combination of cation and anion 
exchange was very effective for the reduction of chlorine demand and DOC. Also, it is of note that 
a higher trichloramine concentration was observed after oxidation and anion exchange. A possible 
reason for this result is the decrease of pH after anion exchange. 
 
These results let us conclude that AOP (i.e., ozone/VUV treatment) effectively ionizes DOM in 
source water, and the combination of AOP and ion-exchange treatment is an appropriate and 
rational way to control chlorinous odor in drinking water treatment. 
 
           
    
 
In addition to the ozone dose commonly used in actual treatment practice, the combination of AOP 
and ion-exchange was applied with an extremely high ozone dose to evaluate the lowest achievable 
odor strength. For this experiment, ozone dose was set to 200 mg/L. At this ozone dose, most DOM 
was mineralized and remaining DOC was in the range of 0.1 to 0.2 mg/L. The DOC level further 
decreased below 0.1 mg/L by anion exchange. The results of odor strength are shown in Figure 7. 
AOP alone reduced the odor strength down to 35 TON.  In addition to the decomposition of organic 
precursors, partial oxidation of ammonium ion may have contributed to this low odor strength under 
this extreme oxidation condition. The odor strength further decreased to 24 TON by the following 
ion-exchange treatment. As mentioned above, since the odor strength of 1 mg/L chlorine solution is 
approximately 20 TON, our result showed that the combination of AOP and ion exchange could 
remove all the precursors of chlorinous odor other than that of chlorine itself. 
 
Table 1. Water quality after the combination of oxidation and ion-exchange treatment. 
Figure 5. Effect of the combination of 
ozonation and ion exchange on 
chlorinous odor formation potential (See 
the captions of Figures 3 and 4 for the 
definition of the labels).    
Figure 6. Effect of the combination of AOP 
and ion exchange on chlorinous odor 
formation potential (See the captions of 
Figures 3 and 4 for the definition of the 








Pilot-scale experiments (continuous system) 
Chlorinous odor formation potential after each treatment step (rapid sand filtration, oxidation (i.e., 
ozonation or AOP), GAC, cation exchange, and anion exchange) in the pilot-scale experiment is 
shown in Figure 8 for both ozone doses of 1.5 and 3.0 mg/L.  The combination of AOP at an ozone 
dose of 3 mg/L and ion exchange (both cation and anion exchange) was most effective among the 
conditions tested. Under this condition, the lowest odor strength observed was 21 TON (Note that 
the formation potential of the control samples were lower than those in the bench-scale experiments 
because the feed water was pretreated by intermediate ozonation). This result shows that the 
combination of oxidation and anion exchange is effective in continuous mode. Also, the result 
confirms that conventional O3/GAC does not remove chlorinous odor formation potential. 
 
Since ammonium ion concentration was low throughout the experiment (5-23 µg/L), the effect of 
cation exchange was not clear. At higher ammonium concentration, relative importance of this 
process would increase.  
Figure 7. Effect of the combination of oxidation and ion exchange under extremely high 
ozone dose (200 mg/L) on chlorinous odor formation potential (See the captions of Figures 3 
and 4 for the definition of the labels).    
  
 
Figure 8. Chlorinous odor formation potential along the pilot-scale treatment system with the 
combination of oxidation and ion-exchange treatment (1: After rapid sand filtration, 2: after 
oxidation, 3: after cation exchange, 4: after anion exchange. Each bar is a geometric mean of 
multiple evaluations (n=3 or 4)).    
     
 
                     
 
Figures 9 and 10 show TOC and chlorine demand at each treatment step. In some cases, higher 
TOC and/or chlorine demand were observed after cation exchange. This could be the bleeding of 
organic compounds from ion-exchange resin or pipes. With anion-exchange treatment, TOC level 
decreased dramatically (below 0.1 mg/L when combined with AOP). A similar trend was observed 
for chlorine demand. These results imply that anion exchange treatment is an effective way to 
remove organic compounds that are difficult to control by the conventional O3/GAC treatment. 
While our new treatment process was designed primarily for chlorinous odor control, this process 
will be useful for the reduction of hydrophilic micropollutants and the control of disinfection 
byproducts. 
 
Figure 9. TOC profile along the pilot-
scale treatment system with the 
combination of oxidation and ion-
exchange treatment  (See Figure 2 and 
the caption of Figure 8 for the 
definition of labels). 
Figure 10. The profile of chlorine 
consumption along the pilot-scale 
treatment system with the combination 
of oxidation and ion-exchange 
treatment  (See Figure 2 and the caption 






The combination of oxidation process (ozonation or AOP) and ion exchange (cation and/or anion 
exchange treatments) were applied for controlling chlorinous odor. The combination of AOP at a 
high ozone dose and ion exchange (both cation and anion) was most effective, and the chlorinous 
odor formation potential was reduced to 32 TON from more than 100 TON. DOC and ammonium 
ion were effectively removed with this process. Compared with ozonation, AOP was more effective 
at higher ozone dose. The effectiveness of this process was also confirmed in continuous mode with 
pilot-scale experiment. Thus, it was concluded that the combination of AOP and ion-exchange 
treatments was an effective technology for controlling chlorinous odor. This process was also 
suitable for the control of DOC, chlorine demand and bromate ion. The combination of ozonation 
and ion exchange was also effective for chlorinous odor and DOC removal. Thus, upgrading the 
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